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Standing-up motion from a chair is directly connected with walking and which is 
frequently performed every day. It is difficult for some elders because of the weakened 
function of muscles or motor. The training of standing-up motion and assisting the 
elderly with the standing-up motion from a chair is important to the elderly Quality of 
Life (QOL). 
Analysis of the posture parameters during standing up motion is useful for the 
physical therapists and care-giver in rehabilitation training or movement assist. The 
motion capture system can measure the movement of body posture in any direction 
precisely. However, it is difficult to use in daily life because of high cost and specific 
requirements for the space. And the use of motion capture system will give unpleasant 
feeling to users because many reflective makers are attached in the body. The purpose of 
this study is to develop a new estimation system, which can be used in daily life for 
angle estimation of extension phase during standing-up motion. 
This paper discusses the estimation system consist of: 1) the estimation of body joint 
angles and COG during extension phase; 2) the improvement of the proposed system for 
angle estimation.  
In 1), an estimation model was proposed that was able to estimate knee and ankle 
joint angles by combining angle and acceleration of trunk, which came from the inertial 
sensor attached to the chest of users during the extension phase. The estimate result of 
joint angle shows higher accuracy than previous research.  
In 2), in order to expand the use of proposed system and improve the estimation 
accuracy of proposed system, we estimated the initial angle of knee and ankle by 
combining foot pressure which measured by a force sensor plate before standing-up 
motion. The estimation model of initial lower limb angle shows high accuracy. It can be 
used for angle estimation of extension phase even though the initial knee and ankle joint 
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1.1Background of Research 
Now, the aging of Japan is thought to outweigh all other countries, as Japan is 
purported to have the highest proportion of elderly person. Not just in rural, but also in 
urban areas, Japan is experiencing “super-aging” society [1]. According to 2016 
estimation of population and households in Japan Statistical Yearbook, 27.25% of the 
Japanese population is above aged 65 or above, 13.32% are aged 75 or above [2]. 
People aged 65 and older in Japan contribute to one-fifth of its total population, 
estimated to be reaching one-third by the year 2050, it means that one in every three 
persons will be 65 years older or over [3]. This change in the demographic makeup of 
Japanese society, referred to as population aging, has taken place in a shorter span of 
time than in any other country. With the continually increasing influence of aging of the 
population, the demand of care and expense for elderly people is increasing.  
To solve problems caused by aging population, the Japanese government has adopted 
measures to reduce medical expenses among the elderly, the long-term care insurance 
system is noticeable. The long-term care insurance system is a system which the society 
as a whole support those who are facing the need of long-term care, residents aged 65 
and older are eligible to category 1 insured persons insurance. The number of people 
aged 65 and over who are certified as requiring long-term care is 6.08 million people as 
of the end of 2015, an increase by approximately 2.79 times over 15 years since 2000 
[4]. The increase of the proportion of aged 65 or older is a stern reality for the society. 
And because the Japanese have traditionally held a strong sense of family, the elderly 
also wished to receive long-term care at their own home and spend their last days in 
their own home. According to the previous research which reported the relationship of 
the caregivers, we can know that more than 60% of them are a person living together 
with the person receiving care, and as for the age of caregivers in a family, 64.8% of the 
male and 60.9% of female caregivers were 60 years older and over. It seems that the 
so-called “care for the elderly by the elderly” is around us [2]. Therefore, the burden of 
caregiving had become so serious to many families. And for the staffs who worked in 
nursing homes or daycare centers, it is possible to cause industrial accident when they 
do the nursing movement such as transferring care.  
In general, elderly person face many difficulties in daily life, because of weakened 
motor function. Because of age of elderly person, their muscles tend to lose strength and 
bulk and they become weaker. For example, the motion of standing-up from a chair, it is 
a common motion in daily life. The ability of standing-up from a chair is very important 
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to the elderly Quality of life (QOL). QOL is defined as an individual’s perception of 
their position in life in the context of the culture and values system in which they live 
and in relation to their goals, expectations, standards and concerns. In order to improve 
the QOL of elderly who need care and the family caregivers, our research focus on the 
daily life assistance of standing-up motion for elderly person. 
Now, there are many kinds of support-equipment for elderly person who have 
difficult on standing-up or walking. For example, one new approach is represented by 
the Hybrid Assistive Limb system (HAL). HAL is an exoskeleton with a hybrid system 
allowing both a voluntary and an autonomous mode of action to support actions. Some 
researches focus on the use of HAL for standing-up motion assistance and gait training 
[5] [6]. HAL is easy to carry, and it can support movement by lifting weights. And a 
new powered suit which use air pressure was presented, it aims at reduction of burden 
of caregiver’s waist in transfer work [7]. Both HAL system and powered suit, they 
could work well if coordinate closely with the movement of user, otherwise it will give 
an unpleasant feeling and pain to the user. Moreover, support device can give a sensitive 
respond because of promptly information providing of posture during standing-up 
movement assistance. Therefore, the body state of user must be catch-able with the 
support device during assistance of standing-up movement. 
Rehabilitation train of standing-up motion is important for elderly who have difficult 
in standing-up motion, the kinematical analysis of standing-up movement can be used to 
give feedback of the movement training. A motion capture system is necessary for 
position measurement of movement. The motion capture system can measure the 
movement of body posture in any direction precisely [8]. However, it is difficult to use 
in daily life because of high cost and specific requirements for the space. And the use of 
motion capture system will give unpleasant feeling to users because many reflective 
makers are attached on the body.  
Standing-up movement is a complex activity, the final goal of it is to move the body 
center of mass from a fully stable position, the sitting position (3-point base), to an 
upright position, the stand position (2-point base) [9]. Standing-up motion can be 
divided into two phases: the phase in which center of gravity (COG) is moved forward 
(flexion phase) and the phase in which COG is move upward (extension phase). It is 
difficult for elderly and disabled person to combine the flexion and extension phases, 
they need to perform each phase individually [10]. In our laboratory, in order to help 
elder person to perform the flexion phase of standing-up motion, as well give estimation 
of flexion phase, a system which called inform system and mainly contain a motion 
sensor was proposed [10]. This research focus on extension phase, it starts from the 
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extension which occurred at hip and knee until the upright position, and the analysis for 
extension phase is important. 
The information of body angles (trunk angle, knee joint angle, and ankle joint angles) 
is important for analysis of standing-up movement. It gives intuitive information of 
posture for standing-up movement. Moreover, there is a previous research focus on 
estimation of muscle length based on joint angles, cubic regression analysis was 
performed between joint angles and muscle length. [11] [12]. 
 
1.2 General Purpose of Research  
The general purpose is to develop an easily use estimation system, so that provide 
kinematic analysis for standing-up movement in daily life by focusing on angle 
estimation. 
1) Compare with the motion capture system and group of inertial measurement units 
which attached on the body parts, an estimation system with lower cost and easier to 
use in daily life is necessary.  
2) Giving feedback information to the physical therapists, during rehabilitation training 
of standing-up movement.  
3) Moreover, in order to avoid giving pain and discomfort to user, as parameter of body 
posture, the estimated result could coordinate closely with support devices and 
promote support device to react to body during assistance of standing-up movement.  
 
1.3 Effectivity of Research  
Based on this research, the parameters information (angle and COG) of extension 
phase during standing-up motion can be estimated by proposed system. And the use of 
this system is no limit for measurement location such as hospital or other specific place. 
And it is possible for coordinate closely between support-equipment and user during 
standing-up motion assistance. From this perspective, the development of 
support-equipment which has a high affinity with body is possible. 
 
1.4 Present Configuration of Thesis 
This paper is organized in five chapters. The outline of this dissertation is as shown in 
Figure 1.1. The content of each chapter is as follows: 
Chapter 1 introduced back ground and general purpose of this research, also gave a 
brief description of present configuration of this paper.  
Chapter 2 focused on the previous research about standing-up motion, it presented 
and classified related previous researches. Among the classification of previous 
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researches, the problems of these researches were discussed. A new estimation model of 
joint angle during extension phase of standing-up motion was proposed, which mainly 
consists of an inertial measurement unit. 
 
 
Figure 1.1 Outline of Thesis 
 
Chapter 3 presented the proposed estimation model and experiment which design for 
evaluation of proposed estimation system. According to the estimated result of joint 
angles during extension phase for seven subjects, estimated errors were smaller than 
negligible changes of joint angles which measured by an experiment, and also lower 
than average error range of joint angle between imitation angle and setting angle which 
reported in previous research. Moreover, from the results of COG estimation for body 
was not recommended due to lack of accuracy, because the maximum estimated error 
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was bigger than previous research. Bigger error caused may be related to the three-link 
model which was utilized in our model. 
The initial knee and ankle joint angles of estimation model in chapter 3 were 
predetermined (fixed value), which might cause the estimation error in the chapter 3. In 
addition, the estimation model in chapter 3 could not be used when the initial knee and 
ankle joint angles were unknown. 
Chapter 4 proposed a new estimate method for initial lower limb angle when subject 
was sitting on the chair before start of standing-up motion, and presented the 
experiment which design for evaluation of proposed estimation method. According to 
the estimation result of initial lower limb angle, there was no significant difference 
between estimated value and true value (except one subject out of 7 subjects). Based on 
the estimated initial angles, the estimation error of joint angles during extension phase 
became smaller than that with predetermined angle. Therefore, the initial lower limb 
angle estimation model could be used for initial angle estimation under different foot 
placement situations as an improved model for angle estimation in the extension phase. 
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2 Previous Researches 
This chapter discusses related previous researches which focus on standing-up motion, 
and the concerning problems in the previous researches, and describe the proposed 
estimation system. 
 
2.1 Related Previous Researches about Standing-up Motion  
 
2.1.1 Classification of Previous Researches  
The classification of research about standing-up motion was shown in Figure 2.1. As 
shown in Figure 2.1, standing-up motion can be divided into two categories according 
to standing-up methods. Such as standing up from floor or tatami mat, and standing up 
from a chair.  
Rising movement from a floor or tatami mat is a movement that lifts the center of 
gravity position from the state of various physical contact surfaces for floor and a tatami 
mat. This movement is a considerable unstable movement for elderly people and people 
with disabilities, and also include of various standing-up patterns, the classification of it 
is very difficult, so that the main research about this movement generally has been 
focused on measurement and analysis [1]. 
Meanwhile, because the standing-up motion from a chair is a basic movement in 
daily life, so that there are many studies focus on it. However, the standing-up motion 
from a chair includes many diverse kinds of cases, such as the cases of different type 
and height of chair. In addition to the chair, there are also some cases such as 
standing-up from a bathtub, a bed, a toilet bowl and so on. In addition, even though the 
movement purpose of standing-up movement is same, there are many cases when a 
handrail or a cane is used. Therefore, the studies about standing-up from a chair are 
carried out under various conditions. 
Research on standing-up motion from a chair can be classified into three broad 
categories.  
1) The first kind of research is focus on analysis of the standing-up motion by using 
the kinematic and dynamic method.  
2) It is difficult for same elderly to stand up from chair, because of the bad function 
of muscle or balance control. Therefore the second kind of research is focus on 
the development of the standing motion supporting device.  





Figure 2.1 Classification of Research about Standing-up Motion 
 
2.1.2 Researches about Analysis of Standing-up Motion  
In the research on the analysis of the standing-up motion, elucidation of complicated 
human being movements was accomplished. For example, the movement pattern of 
elderly's standing-up motion [2], the speed of the standing-up motion [3], the kinetic 
function comparison of young people and elderly [4], and the comparison and analysis 
of the differences in hip joint angle during standing-up motion [5]. There are some other 
studies that analyzed the difference of the exercise method of standing-up from a chair 
with different height [6], and the difference of the posture of standing-up motion, and 
the different environment and state of the standing-up movement such as the disease [7] 
[8]. Furthermore, using the muscular potential (joint moment) acting on the joint and the 
axial force (joint forces) generated between the joints, using the myoelectric potential 
generated according to the strength muscles exercised or the force with which the foot 
kicks the floor (ground reaction force) [9] [10]. There are also studies that elucidate the 
relationship between estimation and action and muscle strength and optimal standing 
motions that minimize physical load [11]. There are studies that have been elucidated 
using body weight centers (COG) with the standing motions as representative values of 
the body's posture [12] [13], and analyze the trajectory of center of pressure (COP) 
based on a foot pressure distribution measurement system [14]. 
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In addition, the research on system development for visualization of COG has been 
conducted. These findings are used for clinical rehabilitation and nursing care. 
 
2.1.3 Researches about Development of Supporting Device for Standing-up 
Motion 
The support devices for standing-up motion are different depending on the 
environment of standing-up motion in daily life. Especially in recent years, many 
researches and developments of wearable motion support devices and standing support 
robots have been designed. 
 
2.1.3.1 Wearable Motion Support Device 
In recent years, robot suit which called HAL (Hybrid Assistive Limb) was developed 
and give assistance to the waist, and it is a kind of wearable support device [15]. HAL is 
composed of a motor and a frame, and it can be mounted on the outside of the body 
serve as exoskeleton type power assist device [16]. As the input information, the wearer 
acquires the myoelectric potential generated at the time of operation, and performs 
assist by the force of the motor according to the operation. It is used for support 
assistance such as rehabilitation training of walking, support for movement of the care 
recipient, lifting of the care recipient, etc. And other kind of power assist suit HAL 
(Hybrid Assistive Leg) which performed according to the operator’s intention by using 
myoelectricity (EMG) signal as the primary command signal, was developed in a 
previous research, and it provide the self-walking aid for gait disorder persons or aged 
persons [17].  
Moreover, the researches and development were conducted as a wearable power 
assist device such as a muscle suit, which assist a joint using an artificial muscle 
stretching by air pressure [18], and a power assist suit supporting walking and lifting 
actions [19] [20], etc. 
 
2.1.3.2 Chair-Type Movement Support Device 
A chair-type movement support device which called Activechair designed by Armi 
company [21]. It is a unique innovation where the person sitting is able to get up with 
minimal effort. When standing up from a chair, the seat surface is inclined by weight 
applied to the armrest, and supports the user's buttocks leaving the chair. By inclining 
the seating surface, it is possible to reduce the burden on the knee joints and hip joints 
of the elderly people who has difficulty in rising movement, so that they can perform 
the standing-up movement smoothly. 
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Moreover, devices that support rising motion in toilet (toilet seat elevator) are also 
produced [22]. The toilet seat elevating device is a support device that alleviates the 
physical burden on the rise operation by raising and lowering the seating surface at the 
time of rising from the toilet seat. It is an electric toilet seat, and the seat is raised and 
lowered by a motor. It is designed for those with limited mobility who have difficulty 
sitting down or standing up from the toilet. Some types of products easily lift even for 
heavy users.  
In other words, in these instruments (chair-type movement support device and toilet 
seat elevator), three parameters that make it easy to stand up, which are known in many 
studies and always changed at the same time. The three parameters are the height, angle, 
front and back position of the seat.  
 
2.1.3.3 Upper Limb Support Type Motion Support Device 
Figure 2.2 shows an upper limb support type motion support device [23]. It is a 
prototype handrail which can provide computer controlled assistance, and the handrail 
was designed for moving ability of a subject when standing-up. By the straight-type 
actuator on the horizontal axis and the vertical axis, the handrail is driven forward and 
upward to support the standing-up motion by moving the position of center of gravity of 
the user. And the 6 axes tactile sensor was provided on the handrail to grasp the 
condition of the movement so that the smoothly standing-up can be realized. In addition, 
analysis of standing-up motion is necessary to the development of handrail 
development. 
 
2.1.3.4 Mobility Support Device 
Mobility support robot device that designed with supporting people who face 
mobility issues. Such as Mobility Support Robot Hug (produce by FUJI machine MFG. 
Company Limited) [24] and Mobility Support Robot ROPTS○R  [25]. 
Mobility Support Robot Hug, it doesn’t just raise a person, but brings them forward in 
a sliding motion to stand, effectively distributing their weight to the backs of their heels 
and allowing the person to feel comfortable while standing up. It allows a person to use 
their own strength as much as they can. 
Mobility Support Robot ROPITS○R [25], it is a kind of person-carrier robot for 
autonomous navigation on pedestrian space, and aimed to support the movement of 
elderly or care-giver. 
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Figure 2.2 Support Device of Upper Limb Support Type  
(Picture was made refer to reference [22]) 
 
2.1.3.5 Summary of Support Device  
In the exoskeletal support apparatus, it is necessary to attach a number of sensors in 
order to measure biological signals, and it takes time to remove and attach the support 
apparatus. Caregivers who work at hospitals and rehabilitation center need to perform 
many tasks other than transfer assistance, but their operation is restricted when 
exoskeletal power assist suit is attached. 
A chair-type motion support device, an upper-limb support type motion support 
device and a standing support robot were developed for elderly. However, due to the 
large size of the device, there are limited places where it can’t be used. Furthermore, by 
using these devices on a daily basis, the residual capacity of the user is reduced, and the 
user can’t perform the standing-up motion because the support device can’t be used in 
that situation. The suitable support is necessary, which can be judged by motion support 
device depend on movement of user during assistance. 
 
2.1.4 Measurement and Evaluation of Standing-up Motion 
In recent years, there is a three-dimensional motion analysis system as used in 
evaluation of rehabilitation effectiveness during rehabilitation training. The 
three-dimensional motion analysis system is a system that measures the position of each 
body part in a three-dimensional space. Depending on the sensor to be used and the 
method of obtaining the data, it is classified as optical, magnetic, or mechanical. 
Three-dimensional motion analysis systems that consist of inertial sensors such as 
acceleration sensors, gyro sensors, geomagnetic sensors, etc. have also been developed 
in recent years.  
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Infrared reflection markers used in optical three-dimensional motion analysis systems 
are unnecessary, and Toshiba has developed a marker- less motion capture system that 
enables a single camera to capture human motion with no markers or sensors [26]. 
Figure 2.3 is an optical three-dimensional motion analysis system which is used as a 
popular system. The position marked by the infrared reflective marker affixed to each 
part of the body is photographed with a plurality of cameras and the coordinates in the 
three-dimensional space are estimated by calculating the distance based on the principle 
of triangulation. It is necessary to make the computer recognize the relative positional 
relationship between the respective cameras and the coordinates fixed in the 
three-dimensional space in advance by calibration. Because marking of the body 
position requires markers to be attached to each part of body, it takes time to prepare for 
measurement. Also, in order to calculate the distance in three-dimensional space, at least 
three cameras are required for one marker. Furthermore, since the measurement range is 
limited to within the measurement range of the camera, it is difficult measurement in 
adaptation and wide on daily living space in the case of home care. 
Optical three-dimensional motion analysis system has been applied to many fields, 
such as sports biomechanics, movement analysis for elderly during rehabilitation or 
medical research. There are some examples of products, Locus 3D MA-3000 (Anima 
Company Limited, Japan) [27], Vion MX (Vicon Incorporated, United Kingdom) [28], 
OptiTrack (NaturalPoint Incorporated, United States of America) [29]. 
Figure 2.4 (Left side) shows a plurality of IMU arranged at various parts of the body. 
With these IMUs, the displacement of the attached body parts and angular can be 
detected in three-dimensional. Figure 2.4 (Right side) shows two kinds of IMU (9-axis 
wireless motion sensor, Logical Product Company, Japan), which composed of an 
acceleration sensor, a gyro sensor, and a geomagnetic sensor. It is possible to estimate 
the movement of the whole body by integrating the motion data of each body part and 
comparing it with the digital human model and the motion model of each part.  
In the three-dimensional motion analysis system, a marker hides by movement, and to 
become the blind spot of the camera at sometimes. But in the inertial measurement unit, 
there is no limitation of the operation range due to measuring place and installation 
conditions. Also, there is no influence of the magnetic field of the measurement 
environment like the magnetic type. However, when measuring in daily life, it is 
necessary to wear the inertial sensors to the whole body, and the daily living action must 
be performed in the attached state. Therefore, there is concern that it may give 
discomfort to the cared person or the caregiver due to the feeling of restraint, and it 
can’t be used on a daily basis because of higher cost. Examples of products include 
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NEURON (Notiom Limited Company, United States of America), the size of NEURON 
is 12.5mm × 13.1mm × 4.3mm, and the dynamic range is 360 degrees. The characters 
of Neurons permit multiple working mode combinations from 3 to 32 sensors, which 
allow the user to capture anything from simple arm motion to full body and finger data 
[30]. Xsens MVN (Xsens Company, United States of America). [31] 
 
 
Figure 2.3 Optical Three-dimensional Motion Analysis System and Markers 
(VENUS 3D system, product by Nobby Tech Company Limited, Japan) 
 
  
(1) Inertial measurement unit module (2) Inertial measurement unit 
Figure 2.4 Three-dimensional Motion Analysis System 
 
The measurement of goniometer, it is a joint angle measurement system which 
measure the motion of the body besides the three-dimensional motion analysis system. 
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It consists of two pairs of optical fibers, and it is possible to measure the angle of two 
points by detecting the attenuation of the passing light (As shown in Figure 2.5). The 
goniometer separate output connectors, one measures flexion/extension, the other 
radial/ulnar deviation. However, during motion measurement, it is necessary to always 
wear it, and there is a problem of discomforting to the user in daily life space. 
Biometrics' Electrogoniometers (Biometric Company Limited, United Kingdom) is a 
product example of goniometer [33]. 
 
 
Figure 2.5 Measurement System of Joint Angle 
 
The above-described three-dimensional motion analysis system calculates the 
movement and angle of each body part. In other words, it is a measurement system for 
performing kinematic analysis.  
The reaction force supplied by the ground is specifically called the ground reaction 
force (GRF), which is the reaction to the force the body exerts on the ground. The GRF, 
along with the weight, is an important external force. Analysis of GRF is used for 
dynamical analysis of standing-up motion. Figure 2.6 is a simplified representation of 
the pressure applied to the foot in contact with the ground [34]. A vector synthesized 
into one in the foot where the repulsive force from the ground is calculated. The action 
of this force is called the GRF. The ground reaction force can be interpreted by 
decomposing it into three components of vertical component force, lateral component 
force and anteroposterior component force. In the case of walking motion measurement, 
the anteroposterior component force is the propulsion and the stationary of the body, the 
lateral component force is lateral stability, and the vertical component force is divided 
into the body support. 
Goniometer 
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During standing-up motion, since the buttocks are in contact with the chair in the 
sitting position, not only the ground reaction force from the foot but also the reaction 
force from the chair, and the reaction force does not act after leaving the buttocks. In the 
state of extension phase where the buttocks are left from the chair, only the foot contacts 
the floor, so that only the ground reaction force of the feet work. 
  
Figure 2.6 Reaction Force and Ground Reaction Force  
(This picture was made refer to reference [34]) 
 
The ground reaction force is generally measured using a ground reaction force meter 
force plate (as shown in Figure 2.7) or a pressure sensor. Figure 2.8 shows the 
measurement principle of the force plate briefly. “The force plate consists of a top plate 
that load is applied on and as a support column to support it. As shown in Figure 2.8, a 
distorted sensor and the sensors such as piezoelectric elements can measure the applied 
force on the support. A sensor such as a strain sensor or a piezoelectric element 
measures the change in the voltage value and calculates the force applied to the top 
plate. Because of the sensor location, it is possible to calculate the force on the pillar in 
the X, Y, Z directions, so the ground reaction force vector in three directions of vertical 
component force, lateral component force and anteroposterior component force can be 
measured. In this way, if we can measure the force applied to each pillar supporting the 
top plate, we can calculate the force applied to the foot and the ground by using the law 
of dynamics. Because of the structure of force plate, not only the magnitude of the 
ground reaction force but also the point of action (in fact, the ground reaction force is 
distributed on the contact surface, representative point of the distribution force) and the 
action torque can be calculated, so that it is possible to calculate the pressure center 
(COP, “Center of Pressure”). It is possible to measure with the 3D motion analysis 




three-dimensional motion analysis system and the dynamic element from the ground 
reaction force, it is possible to measure the joint motion and joint moment and give 
dynamic analysis on physical exercise. Although ground reaction force can be measured 
with extremely high precision, there are installation conditions such as the grounded 
place is horizontal, and measurement place is limited. Also, because it is very expensive, 
it is difficult to apply it in daily life. Examples of products include BP 6009-1000(AMTI 




Figure 2.7 Force Plate (AMTI Company, United States of America) 
 
 
Figure 2.8 Measurement Principle of Force Plate 
(This picture was made refer to the reference [35]) 
 
For rehabilitation and nursing care, it is desirable to have a simple instrument that can 
be carried, rather than performing measurements in limited space using stationary 
measuring instruments. Such as a Pedar sensole system (Novel company, Germany) 
[38], it is an accurate and reliable pressure distribution measuring system for monitoring 
local loads between the foot and the shoe. Pedar sensole system can measures the force 
in vertical component and the pressure distribution of foot by the sheet with pressure 
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sensor. All the features make it extremely mobile and flexible to meet virtually all 
testing needs such as walking, running, climbing stairs, playing soccer, or even riding a 
bicycle. A tri-axial force sense sensor was used in the mobile foot type ground reaction 
force gauge M3D Force Plate (Tec Gihan Company Limited, Japan) [39] and others are 
being developed. These measurements can measure the pressure distribution of foot, the 
center of pressure, etc. at the time of walking by wearing on the shoe with insole. 
However, since it consists of expensive sensors, it is not suitable for frequent 
measurement in daily life. 
 
2.2 Concerning Problems in Previous Researches 
Standing-up motion from a chair is directly connected with walking and which is 
frequently performed every day, many researches are expected to be used for 
rehabilitation and nursing care. As motioned in 2.1.2, many kinds of devices were 
developed for standing-up motion assistance. All of the supporting devices could work 
well if coordinate closely with the movement of the user, otherwise it will give an 
unpleasant feeling and pain to the user. Then in situation of assistance for standing-up 
motion or other activities, the exercise condition at that time of user must be catch-able. 
The analysis of the posture parameters can give feedback information to rehabilitation 
training of standing-up motion. For measurement of standing-up motion, the system 
such as motion capture and force plate mentioned in 2.1.4 can be used for measurement 
of standing-up motion. However, the motion capture and force plate system are difficult 
to use for movement estimation in the daily life because of the installation space and 
high cost. Otherwise, many markers are attached on each part of body, which may give 
unpleasantness to the user. In conclusion, the system which we aim for is cheap, free to 
carry, and easy to use in daily life. The sanding-up motion can be estimated and 
analyzed more easily, so that the supporting devices can easily cooperate with the user. 
 
2.3 Proposed Estimation System of Standing-up Motion 
 
2.3.1 Proposed Estimation System  
A new estimation system for standing-up motion was proposed in this research, and it 
mainly consists of an inertial measurement unit. In proposed system, an IMU was 
attached to the chest of body (Front of body of sternum T5~T6) to measure trunk 
movement during extension phase of standing-up motion. The proposed angle 
estimation model could give estimation of angle (Trunk angle, knee and ankle joint 
angle) based on trunk movement information. 
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As mentioned in subsection 2.1.4, as a three-dimensional motion analysis system, a 
plurality of IMUs arranged at various parts of the body to estimate the motion of the 
whole body by integrating the motion data of each body part. An IMU was also used in 
proposed system to estimate standing-up motion. So the estimation of standing-up 
motion by using plurality of IMUs (Such as NEURON) and proposed system were 
summarized in Table 2.1. 
 












1 × ○ ○ ○○ ○ 
NEURON ＞ 3 ○ ○○○ × ○ ○○ 
×: No; 
○: Yes, with lower level; 
○○: Yes, with normal level; 
○○○: Yes, with higher level. 
 
As shown in the Table 2.1, the proposed system in this research can estimate 
angles (trunk, knee joint angle and ankle joint angle) during standing-up motion 
by using one IMU, because of the new angle estimation model which proposed in 
this research. Above three IMUs are necessary for estimation by using 
NEURON. 
Higher level of discomfort and higher cost caused during estimation by NEURON, 
because a plurality of IMUs are attached on the body. Although a plurality of IMUs can 
be used in daily because of no camera and force plate, proposed system is recommended 
owing to lower cost and less discomfort to the user than a plurality of IMUs. 
The proposed system in this research has limitation during estimation of standing-up 
motion. It can give estimation of standing-up motion in anterior-posterior direction, but 
not three-dimensional motion analysis.  
There are many kinds of devices can be used to give estimation of standing-up 
motion in any directions with high accuracy, which as mentioned in the subsection 2.1.4. 
And lack of an estimation system which is easy to use in daily life. This research focus 
on joint angle estimation during standing-up motion by using a few wearable sensors, so 
that replace the motion capture system and can be used in daily life. Moreover, this 
research is ahead of previous study because of its originality and novelty. 
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2.3.2 Phase Distribution of Standing-up Motion  
Figure 2.9 shows the changes in the load applied to the feet and associated changes in 
posture during the standing-up motion [40].  
In stage-1, the sitting position in a stationary state, the weight of body was supported 
by the chair and foot portion. The load of the lower limb occurs as the vertical ground 
reaction force. In stage-2, the lower limb is pulled upward by the reaction of the body 
when the trunk begins to flex, so the vertical floor reaction force decreases. In stage-3, 
when buttocks lifted the chair, the weight of body which supported by chair is moved to 
the feet. In stage-4, the vertical ground reaction force values reach to peaks 
immediately after the buttocks lift chair and the trunk upward. In stage-5, it is in 
the standstill standing position state, and the body weight is equal to the vertical 
floor reaction force. 
 
 
Figure 2.9 Load Changes Applied to Feet and Associated Changes in Posture 
 
Before start of standing-up motion, in the stationary state-1, the vertical floor reaction 
force is equal to the load of the lower limbs. The state-2 is a start of flexion phase, the 
phase which during the trunk begins to flex until buttocks lift the chair. The extension 
phase started after the buttocks lift the chair and finished in the state-5. 
In our laboratory, there is a research focus on the elderly people who can’t perform 
the standing-up motion independently because of disable of flexion phase, even though 
they have the ability of extension phase. The research used an inertial sensor which 
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attached to the chest of user to inform user the most suitable time for lifting chair, and 
also give estimation of flexion phase of standing-up motion by estimate the position of 
COG [41] [42].  
With regard to the importance of standing up motion in daily-life activity, and due to 
the complexity of this movement, not only the flexion phase, but also the analysis and 
estimation of extension phase is important and useful for nursing care and training of 
standing-up motion . The information of main angles of body (trunk angle, knee and 
ankle joint angles) is important for analysis of standing-up movement. For instance, 
some studies focus on the phase division according to changes of three joint angles [43] 
[44]. The estimation of extension phase which starts from extension occurred at hip and 
knee until the upright position is important for analysis of standing-up motion. 
In this research, a three-link model and related equations were designed for angle 
estimation during extension phase of standing-up motion, so as to provide posture 
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3 Angle Estimation of Extension Phase  
This chapter includes four parts. First, it will give a detailed introduction about the 
proposed system, and the new extension phase estimation model. Second, the 
experiment for extension phase estimation was designed by using the proposed system, 
and in order to give an assessment of proposed system, the experiment result was 
compared with motion capture system. Third, the result of the experiment will be 
discussed. Fourth, the concerning problems of this research will be described.  
 
3.1 Introduction of Estimation System 
 
3.1.1 Inertial Measurement Unit (IMU) 
An IMU was used in the proposed estimation system. As shown in Figure 3.1, it is a 
9-axis wireless motion sensor, and produced by Logical Product Corporation. The IMU 
has three-axis gyro sensor, three-axis acceleration sensor and three-axis geomagnetic 
sensor, memory size is 32MB, 1 to 1000 Hz of sampling frequency, number of 
quantization is 12 bit, and it can connect the computer by USB for wireless. And the 
specifications are shown in Table 3.1. 
The IMU was attached to the chest (front of body of sternum, T5~T6) of each subject 
with an elastic strap and was measured with a sampling rate of 100 Hz (As shown in 
Figure 3.2). The acceleration data of trunk and gyroscope data of trunk can be computed 
by time-integrating the output from known initial conditions. 
 
3.1.2 Proposed Angle Estimation Model 
In this system, we built a new three-link angle estimation model, it can estimate knee 
and ankle joint angle by combining angle and acceleration information of trunk. In the 
previous research, which part of the body was most suitable for the inertial 
measurement system attached on among chest and waist. According to the research 
result, we knew that chest was better for our research [1]. The body was simplified to 
three parts: trunk, thigh and lower leg. And weight of the upper limb which consists of 
upper arm, forearm and hand belong to trunk due to its high flexibility. 
The three-link angle estimation model was shown in Figure 3.3 and equations 3.1~3.4. 
In this model, after buttocks left chair, knee and ankle joint angle (θ’1 and θ’2) were 
calculated using equations 3.1~3.4. T is the time when user seat on a chair during 
stationary state before standing up motion, and T is any time when the buttocks of user 
left chair (extension phase). L3 is length of trunk, L2 is length of thigh, L1 is length of 
lower leg, and L is the length between sensor and greater trochanter.  
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Figure 3.1 9-axis Wireless Inertial Measurement Unit 
(Logical Product Company, Japan) 
 
Table 3.1 Specifications of Inertial Measurement Unit 
Acceleration ±5G (X axis, Y axis, Z axis) 
Gyro ±300degree/s(roll, pitch, yow) 
Geomagnetic ±8×10-4T 
Memory size 32M Byte 
Sampling frequency 1~1kHz 
Number of quantization 12bit 
Power AAA battery or external power source 
Size 55mm×40mm×22mm 
Weight 0.035kg (Power supply included) 
 
 




Figure 3.3 Three-link Model for Angle Estimation 
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Angel θ3 is trunk angle of flexion phase, and angle θ’3 is trunk angle of extension 
phase, both of them can be obtained from the IMU which attached to the chest of user. 
az is acceleration of trunk in horizontal component, and ay is acceleration of trunk in 
vertical component during the sit-to-stand motion. The initial keen and ankle initial joint 
angle during stationary state before start of standing-up motion were predetermined, 
there were fixed at 80 degrees and 70 degrees. The chair height (H) is 0.4m, because of 
the chair height of 0.4m is commonly used in the daily life such as in family or 
company [2]. 
The equations (3.1~3.4) will be described in detail as follow part, and they were 






Figure 3.4 Stationary State before Standing-up Motion 
 
 
Figure 3.5 Extension Phase of Standing-up Motion 
 
Figure 3.4 shows a stationary state T. People sit on a chair and keep a stationary state 
before start of standing-up motion. 
In Figure 3.4, Point O is the origin of coordinates T, and point O was defined as 
greater trochanter of body. The initial sensor was considered as a point, and the 
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coordinate of initial sensor in horizontal direction and vertical direction respectively 
were a and b. a and b can be obtained from the equations as shown follows: 
𝑎 = 𝐿 cos (𝜃3 −
𝜋
2




Figure 3.5 shows extension phase T’ during standing-up motion, after the buttock of 
body left chair  
In Figure 3.5, Greater trochanter of body was defined as Point O’, and it is the origin 
of coordinates T’. In coordinates T’, initial sensor was considered as a point, and the 
coordinate of initial sensor in horizontal direction and vertical direction respectively 
were a’ and b’. a’ and b’ can be obtained from the equations as shown follows: 
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In coordinates T, the coordinate of sensor was changed during extension phase as 
follows:  
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az and ay were acceleration of initial sensor in horizontal direction and vertical 
direction. The displacement of hip in horizontal direction and vertical direction were 
defined as distance between O and O’ in horizontal direction and vertical direction, and 
they can be obtained from the equations as follows: 
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In Figure 3.6, Where point A is the projection point of O’ (defined as hip joint during 
extension phase) in vertical direction, F is the point of heel, and distance between A and 












Figure 3.7 Distance between Hip Joint and Heel (O’F) 
(Extension Phase) 
 
As shown in Figure 3.7. O’F was defined as the distance of hip joint and heel during 
extension phase, and the equations can be obtained as follows: 
 


















































3.1.3 Evaluation of COG Based on Estimated Angle 
COG is a geometric property of any object. It is the average location of the weight of 
a body. We can completely describe the motion of body through space in terms of the 
translation of the COG of the body from one place to another. In order to describe the 
motion of extension phase, we also calculated the position of the COG based on angle 
data. 
The head in the stationary state before starting the standing motion was fixed and it 
was assumed that there was no swinging movement, the weight of the head was 
included in the trunk. In the stationary state before the start of the standing motion, the 
buttocks are in contact with the chair section, and the feet are assumed to be in contact 
with the ground. Body parameters were set to obtain the mass and center of gravity 
position of each segment. Parameters of each body part were set as shown in Table 3.2 
in Figure 3.8 with reference to past research [3]. L1, L2, and L3 represent the lengths of 
the lower leg, thigh, and trunk with the segment ratio to the length of the height H, 
respectively, LG1, LG2, and LG3 represent the COG location of the lower leg, thigh, and 
trunk in which the center of gravity position is expressed as a ratio to the length of each 
body part. And m1, m2, m3 are weights of the lower leg, thigh, and trunk expressed as 
ratios to body weight, respectively,  
Based on the estimated angle result of extension phase, trunk angle θ’1 knee and 
ankle joint angle θ’2 and θ’3 after buttock left chair, COG position during extension 
phase of sit-to-stand motion were estimated. 
 
𝑃1𝑍1 + 𝑃2𝑍2 + 𝑃3𝑍3
𝑀𝑔
= 𝑍 
𝑃1𝑌1 + 𝑃2𝑌2 + 𝑃3𝑌3
𝑀𝑔
= 𝑌 (3.6) 
(3.5) 
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As shown in equation 3.5~3.6, Z, Y is position of COG in horizontal and vertical 
direction, respectively. Z1, Z2, Z3 and Y1, Y2, Y3 are COG position of body parts, and can 
be obtained from L, LG and joint angle. 
 
Figure 3.8 Three-link Model for Estimation of COG 
 
Table 3.2Ratio of Body Length, Position of COG and Body Weight 
Segment length [%] COG position in each part [%] Segment weight [%] 
𝐿1 28.5 𝐿𝐺1 60.6 𝑃1 12.2 
𝐿2 24.5 𝐿𝐺2 56.7 𝑃2 20.0 
𝐿3 28.8 𝐿𝐺3 62.6 𝑃3 67.8 
 
3.2 Experiment for Evaluation of Angle Estimation System 
An experiment was designed for evaluation of estimation system, and experiment 
result was compared with motion capture system. 
 
3.2.1 Experimental Device 
In order to measure the standing-up motion, three-dimensional motion analysis 
system and force plate system were simultaneously used in this experiment. They 
provided true value during angle and COG measurement because of high accuracy.  
The three-dimensional motion analysis system used in the experiment is an optical 
three-dimensional motion analysis system. Fourteen infrared reflection markers were 
placed on the main joints of the body, such as the shoulders, iliac crests, greater 
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trochanters, knees and lateral malleolus, and one marker was placed on the IMU to 
measure the length between sensor and greater trochanters. Fifteen infrared cameras 
(Figure 3.9, left) take the infrared reflected light from the infrared reflective marker to 
marked position (Figure 3.9, right). 
 
 
Figure 3.9 Optical Three-dimensional Motion Analysis System 
Infrared Cameras (left) and Reflective Marker (right) 
 
 
Figure 3.10 Force Plate System (Two pieces were used) 
(Produced by AMTI Company, United States of America) 
 
The captured image can be sent into the PC by using the measurement software 
Motive (OptiTrack, NaturalPoint Incorporated, United States of America) [4]. 
Thereafter, it is digitized and recorded in three-dimensional space coordinates (X, Y, Z 
coordinates) by three-dimensional analysis software Venus 3D (Nobby Tech Company 
Limited, Japan) [5]. In order to measure the foot pressure value, a ground reaction force 
meter which called force plate (AMTI Company, United States of America) (Figure 
3.10) [6] and capable of measuring the load in three axial directions (X, Y, Z axis) was 
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used. Synchronized measurement is possible for the ground reaction force meter and the 
three-dimensional motion analysis system. The size of one piece of force plate was 508 
mm in length × 464 mm in width × 83 mm in height, and two sheets were used. The 
sampling frequency was 100 Hz for both the 3D motion analysis system and the force 
plate. 
 
Table 3.3 Personal Data of Subjects 
Subject Weight(Kg) Height(m) Age(years) 
A 57 1.69 24 
B 58 1.68 24 
C 61 1.72 24 
D 68 1.71 24 
E 55 1.74 24 
F 65 1.78 24 
G 84 1.69 24 
 
3.2.2 Subject of the Experiment 
In this experimental study, subjects were 7 healthy male volunteers from our 
universities, and their personal data was shown in Table 3.3. 
 
3.2.3 Experimental Method and Procedures 
Figure 3.11 shows the experimental set-up. The IMU was attached to the chest of 
participant by an elastic strap and measured with a sampling rate of 100 Hz. The trunk 
angle data can be got by using the data processing algorithm which was made with 
Visual C#, knee and ankle joint angle during extension phase can be got by using the 
equations (3.1~3.4) based on trunk angle data and acceleration data. Subjects were 
asked to sit on a chair with height of 0.4 m, and the chair and foot of participant were 
set on the force plate (AMTI Company, United States of America). To remove inertial 
effects of upper limb movements, subjects were asked to stand up from a chair with 
their arms crossed at the chest. The body movement while standing up was 
simultaneously measured using a motion capture system. Fifteen infrared cameras 
(OptiTrack, NaturalPoint Incorporated, United States of America) followed the markers, 
and force plate measured at a sampling rate of 100 Hz. The time when buttocks left 
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chair was determined to be the time when the pressure on chair was zero. For 
synchronization, two systems were cable-connected. A small bulb went out signifying 
start of a trial was simultaneously set in the signals of both motion capture and IMU by 
pushing a button. 
 
 
Figure 3.11 Experimental Set-up 
 
3.2.4 Standing-up Patterns 
Healthy or disable elderly always stand up from chair by using different speeds in 
daily life. In order to evaluate the proposed system in a wide range of speeds, we asked 
subjects to stand up by following three specific patterns, and each pattern was 
performed ten times by each subject. 
1) Pattern1: Standing up at faster speed than normal speed; 
2) Pattern2: Standing up at normal speed; 
3) Pattern3: Standing up at slower speed than normal speed.  
Actual speeds were decided by the subjects. The Instruction is shown as follows: 
Normal speed, subjects were asked to stand up by using usual speed in daily life. 
Faster speed, subjects were asked to stand up by using a faster speed than normal, but 
not a speed as fast as possible. 
Slower speed, subjects were asked to stand up by using a slower speed than normal 
speed. 
The average duration time of standing-up motion in each trial of three patterns, which 
performed by seven subjects were analyzed and summarized in Table 3.4. The average 
value and standard deviation were indicated in Table 3.4.  
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From the Table 3.4, our subjects in the faster pattern completed the movement in an 
average of 1.59~2.03s, in the normal pattern completed the movement in average of 
2.07~2.39s, in the slower pattern completed the movement in average of 3.82~4.78s. 
Whereas in a previous research, the average duration times of standing-up motion were 
reported range from 1 to 6s among 11 subjects when they stand up from chair by using 
faster, moderate and slower speeds [7], such as in a research, subjects consist of five 
men and five women aged 65 to 76, who took an average of 2.03s to stand by using 
normal speed. [8]. And subjects in another study took an average of 1.20s to stand in 
speed of as fast as possible, which performed by 8 healthy elderly subjects ranged in 
age of 61.1 and 77.9 years [9]. Therefore, the speed setting of different patterns in this 
research is reasonable.  
 
Table 3.4 Average Time of Movement Performed by Seven Subjects 




Mean ± SD 
Normal(seconds) 
Mean ± SD 
Slower(seconds) 
Mean ± SD 
S E S E S E 
A 1.89±0.30 1.06±0.05 2.13±0.26 1.46±0.16 4.04±0.36 1.51±0.09 
B 1.92±0.24 0.99±0.06 2.39±0.31 1.14±0.04 3.82±0.52 1.47±0.08 
C 2.03±0.26 1.08±0.03 2.08±0.27 0.97±0.01 4.01±0.46 1.67±0.10 
D 1.59±0.19 0.89±0.01 2.16±0.25 1.05±0.03 3.98±0.35 1.55±0.05 
E 1.83±0.21 1.08±0.05 2.07±0.16 1.04±0.02 3.89±0.29 1.43±0.13 
F 1.68±0.27 0.95±0.04 2.12±0.14 1.01±0.03 4.78±0.35 2.04±0.53 
G 1.78±0.11 1.08±0.08 2.09±0.19 1.1±0.010 4.58±0.28 1.90±0.04 
(SD: Standard Deviation) 
 
3.2.5 Evaluation 
Motion capture system and force plate system were used to measure standing-up 
motion, and the measurement results were defined as true value of reference. Joint 
angles and trajectory of COG obtained from proposed model were compared with true 
value. The true value of angle is obtained from average joint angle which marked by 
markers placed on flank points of body, and analyzed by three-dimensional analysis 
software Venus 3D (Nobby Tech Company Limited, Japan) as shown in Figure 3.12. 
Table 3.5 shows the average RMSE (root-mean-square error) value of angle value 
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comparison of left side and right side, which analyzed by motion capture system, as 
shown in Figure 3.13. According to Table 3.5, the maximum value of RMSE is 2.36 
degrees, and the minimum value of RMSE is 0.23 degrees. It means that the angle 
difference between left side and right side of body is low. Therefore, the average value 
of both sides of body can be used as true value and compared with estimated value of 
angle for evaluation.  
 
Figure 3.12 An Example of Motion Capture Data 
 
Table 3.5 RMSE Value of Joint Angle in Different Patterns 
(Between left side and right side of body) 
Subject Trunk angle 
(degrees) 
Knee joint angle 
(degrees) 
Ankle joint angle 
(degrees) 
Faster Normal Slower Faster Normal Slower Faster Normal Slower 
A 1.81 1.56 2.15 2.3 2.36 1.29 1.42 1.13 1.53 
B 0.23 0.96 0.89 2.0 1.96 0.69 0.56 0.96 1.56 
C 1.05 1.53 0.93 1.38 1.20 1.02 1.23 0.85 1.29 
D 1.36 2.03 1.02 1.47 1.58 0.88 1.85 1.36 0.89 
E 2.01 1.96 1.53 0.63 1.36 0.76 0.79 0.82 0.97 
F 1.05 2.01 1.47 1.05 0.68 1.36 2.01 1.47 1.03 




Figure 3.13 Both Sides of Body Marked by Markers 
 
3.2.6 Statistical Analysis 
A descriptive statistical analysis was carried out based on the means and standard 
deviations for the analysis of angle and COG position root-mean-square error (RMSE) 
between our system and the motion capture system. RMSE value was frequently used to 
evaluate the estimation value and true value, and describe the error between the 
estimation value and true value. The RMSE formula used in research was shown in 
equation 3.7: 
 
Where ?̂?I is the estimated angle value from proposed system, yi is true angle value 
from motion capture system, all unit is [degree].  
Pearson correlation coefficient was also designed for results of angle and COG 
position (IBM SPSS Statistics ver. 21.0). In statistics, the Pearson correlation coefficient 
is a measure of the linear correlation between two groups of values, and it has a value 
between +1 and -1, where 1 is total positive linear correlation, o is no correlation, -1 is 
total negative correlation. If the absolute value of correlation coefficient is bigger than 
0.7, there are strong correlation between the two groups of values. 
For angle RMSE value comparison at different patterns, we used one-factor ANOVA 
analysis and Post hoc test (Bonferroni test). 
𝑅𝑀𝑆𝐸 = √






3.2.7 Results of Angle Estimation and Discussion 
 
3.2.7.1 Comparison with Motion Capture System  
In this part, trunk angle which obtained by using IMU knee and ankle joint angles 
during extension phase which obtained base on angle estimation model were compared 
with true value which come from motion capture system.  
 
  
(1) Trunk Angle (2) Knee Joint Angle 
 
(3) Ankle Joint Angle  
Figure 3.14 Estimated Result of Joint Angle during Extension Phase  
(Subject E, normal speed) 
 
Figure 3.14 (1~3) show comparison of estimated angle and true joint angles (trunk 
angle, knee and ankle joint angle) during extension phase in subject E (standing-up in 
normal speed). The vertical axis shows angle [degrees], and the horizontal axis shows 
















































































estimate model, the red line indicates the true value of joint angle come from motion 
capture system  
As shown in Figure 3.14 (1~3), the root mean squared error (RMSE) of trunk, knee 
and ankle joint angle between the estimated result and true value are respectively 4.07, 
2.69 degrees and 3.01 degrees, and the Pearson correlation coefficient are respectively 
0.89, 0.99 and 0.95, which represents characteristic value for the strong correlation, and 
the correlation was significant at 0.01 level. 
Root mean squared error (RMSE) value of estimated angle compare with motion 
capture system in different patterns for all subjects are illustrated in Figure 3.15 (1~3). 
As shown in Figures 3.15 (1~3), the maximum RMSE value was trunk angle 
estimation (4.83 degrees) at faster speed. The minimum RMSE value was ankle joint 
angle estimation (2.32 degrees) at normal speed. Estimation error range of trunk angle 
in slower speed pattern was 2.93~4.35 degrees, in normal and faster speed patterns were 
2.99~4.52 degrees and 2.93~4.35 degrees. Estimation error range of knee and ankle 
joint angles in the slower speed pattern were 3.68~4.58 degrees and 3.10~4.52 degrees, 
while they were 2.40~3.89 degrees and 2.32~3.56 degrees in the normal speed pattern, 
and 2.57~3.54 degrees and 2.35~3.30 degrees in the faster speed pattern. 
Pearson correlation coefficient (PCC) between estimated angle and true value for all 
participants (n=7) were illustrated in Table 3.6. All angle correlation coefficient values 
between the proposed system and the motion capture system were above 0.795, which 
represents characteristic value for the strong correlation, and the correlation was 
significant at 0.01 the level.  
Pearson correlation coefficient values show strong correlation between our system 
and motion capture, although our system had some estimation errors, but the error was 
smaller than that of previous research, and the experiments of this study caused no fail 
trials. In previous research, position of COG and positioning discrepancy in the body 
joints were used to estimate body joint angles during the extension phase of standing up 
motion, but it was easy to cause fail trials and there were bigger estimation errors [11]. 
Proposed system was able to estimate joint angles during the extension phase of 
standing-up motion with maximum error of 4.58 degrees and minimum error of 2.32 
degrees. Double integration was used to calculate the joint angles, so we determined 
that part of the error was caused by integration of acceleration data. For body joint angle, 
there is a range of normal values for joint position sense. Previous research proposed by 
Kiyama et al. focused on the position sense of the normal knee of the young person, and 
reported that the average error range of the knee joint angle was -4.1~4.5 degrees 
between imitation angle and setting angle [12]. Therefore, we hold that our system is 
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accurate enough for knee and ankle angle estimation during the extension phase of 
standing up motion.  
3.2.7.2 Comparison of RMSE in Different Standing-up Patterns 
Comparison of RMSE value in different patterns were illustrated in Figures 3.16 
(1~3) by one-factor ANOVA analysis. Average value, standard deviation and standard 
error of RMSE value were shown in the figure. 
 
  
(1) Faster speed (2) Normal speed 
 
(3) Slower speed 
Figure 3.15 RMSE Value of Estimated Angle in Different Patterns 
(Seven subjects) 
 
As shown in Figure 3.16 (1), there is no significant difference in RMSE values of 
trunk angle RMSE values among different patterns (P=0.941). The estimated errors of 
trunk angle in different patterns have no significant difference by using proposed system 


























































Trunk angle Knee joint angle Ankle joint angle
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As shown in Figures 3.16 (2) and 3.16 (3), there were some significant differences in 
RMSE value of knee and ankle joint angle estimation among different patterns (P<0.01). 
The RMSE values in slower speed were significantly higher than the values in faster 
and normal speed. The estimation of knee and ankle joint angle during extension phase 
cause higher error in slower speed by using proposed system.  
 
Table 3.6 Pearson Correlation Coefficient of Estimated Angle and True Angle 
(Quoted from [10]) 
(**: significant at the 0.01 level) 
 
Based on one-factor ANOVA analysis of estimated errors in different patterns, 
Post-hoc test (Bonferroni test) was designed for comparison of estimated errors of knee 
and ankle joint angle in different patterns, and result was shown in Table 3.7. Post-hoc 
Speed Subject PCC 
Trunk angle 
PCC 
Knee joint angle 
PCC 
Ankle joint angle 
Fast A 0.950** 0.989** 0.930** 
B 0.899** 0.999** 0.924** 
C 0.863** 0.988** 0.938** 
D 0.934** 0.998** 0.896** 
E 0.966** 0.965** 0.971** 
F 0.925** 0.988** 0.819** 
G 0.801** 0.901** 0.891** 
Normal A 0.962** 0.832** 0.816** 
B 0.803** 0.819** 0.798** 
C 0.938** 0.968** 0.826** 
D 0.826** 0.946** 0.903** 
E 0.914** 0.864** 0.895** 
F 0.881** 0.841** 0.911** 
G 0.935** 0.902** 0.847** 
Slowly A 0.924** 0.901** 0.801** 
B 0.886** 0.856** 0.795** 
C 0.923** 0.900** 0.798** 
D 0.853** 0.869** 0.812** 
E 0.803** 0.885** 0.832** 
F 0.895** 0.954** 0.821** 
G 0.934** 0.924** 0.901** 
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test (Bonferroni test) is a multiple comparison test of different groups that is usually 
performed after ANOVA analysis and used smaller than 5 groups. In this case, three 
groups were compared for three times, the significance level was set as 0.017. 
 
 
Table 3.7 Post-hoc Test Result for Estimated Error of Knee and Ankle Joint Angle in 
Different Patterns  
Speed P 
(Knee joint angle) 
P 
(Ankle joint angle) 
Faster and normal .921 .394 










(**: significantly difference, P＜0.017) 
 
  
(1)Trunk Angle (P=0.941) (2)Knee Joint Angle (P<0.01) 
 
(3)Ankle Joint Angle (P<0.01) 
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Table 3.8 Displacement Error of Inertial Measurement Unit in Different Patterns 
(Seven subjects) 
Speed Subject Horizontal  
Displacement error  
(m) 
Vertical 
Displacement error  
(m) 
Faster A 0.036±0.008 0.029±0.002 
B 0.029±0.012 0.024±0.003 
C 0.041±0.006 0.030±0.011 
D 0.032±0.010 0.028±0.005 
E 0.026±0.006 0.025±0.008 
F 0.030±0.010   0.030±0.004 
G 0.028±0.013 0.027±0.010 
Normal A 0.023±0.008 0.028±0.006 
B 0.028±0.006 0.030±0.002 
C 0.029±0.006 0.026±0.011 
D 0.032±0.012 0.026±0.005 
E 0.024±0.007 0.029±0.010 
F 0.026±0.011 0.028±0.003 
G 0.020±0.012 0.027±0.007 
Slower A 0.045±0.006 0.043±0.003 
B 0.039±0.003 0.044±0.005 
C 0.042±0.008 0.039±0.007 
D 0.046±0.010 0.040±0.011 
E 0.038±0.002 0.042±0.011 
F 0.039±0.007 0.045±0.009 
G 0.04±0.001 0.041±0.013 
 
For estimation of knee and ankle joint angle, RMSE value in slower speed were 
significantly higher than the values in faster and normal speed (P﹤0.017), but there 
was no significant different between faster and normal speed (P=0.921, P=0.394). 
We posit that the reason why slower speed demonstrated a larger estimation error 
is related to estimation model of knee and ankle joint angle. 
In this study, according to the proposed angle estimation model, joint angles 
were obtained based on the displacement of IMU which obtained by integral of 
acceleration data.  
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The displacement error of IMU in horizontal direction and vertical direction 
among different patterns were analyzed as shown in Table 3.8, and mean value, 
standard deviation value is indicated. The displacement error of IMU was defined 
as RMSE value of displacement between integral of acceleration and true value 
measured by motion capture system, and comparison of displacement error in different 
patterns for all subjects was shown in Figure 3.17. 
As shown in Table 3.8 and Figure 3.17. Figure 3.17 shown displacement error of 
seven subjects. We found that the displacement error of IMU in horizontal direction and 
vertical direction in slower speed was bigger than in normal and faster speed for all 
subjects. In the proposed estimation model, the displacement of IMU are obtained by 
integral of acceleration which measured by the inertial sensor. As we know, integral of 
acceleration will cause integral error usually, so we consider that the reason why the 
slower speed has higher estimated error compared to the motion capture system than the 
normal and faster speed is believed to be related to the integral of acceleration data in 
slower speed, which produced larger integral error. Slower speed has longer duration 
time of standing-up motion (range of 3.82~4.78s), longer than faster and normal speed 
(range of 1.59~2.03s and 2.07~2.39s). And almost displacement error in horizontal error 
was bigger than displacement error in vertical direction. 
Moreover, Arima et al also demonstrated that integral of acceleration data from IMU 
in slower speed caused bigger error than normal and faster speed [13]. 
 
  
(1) Subject A (2) Subject B 
Figure 3.17 Comparison of Displacement Error in Different Subjects 


















































(3) Subject C (4) Subject D 
  






























































































(7) Subject G 


























3.2.8 Result of Evaluation of COG  
We can completely describe the motion of body through space in terms of the 
translation of the COG of the body from one place to another. Then in this study we also 
estimated COG position during extension phase by using the angle data which we 
obtained from angle estimation model, and estimate results were compared with motion 
capture system to evaluate the accuracy of proposed system. RMSE results and 
correlation coefficient were shown in Table 3.9.  
 
Table 3.9 RMSE Value and Pearson Correlation Coefficient of COG Displacement Error 
(Quoted from [10]) 
Speed Direction RMSE (cm) PCC 
Fast Horizontal 4.02±0.65 0.852** 
Vertical 2.86±0.94 0.864** 
Normal Horizontal 3.47±0.44 0.925** 
Vertical 2.98±0.75 0.896** 
Slowly Horizontal 4.48±0.56 0.786** 
Vertical 3.19±0.49 0.806** 
 










Horizontal 9.23 10.02 14.14 11.13 
Vertical 24.03 29.52 22.63 25.39 
DV: Displacement vector 
 
As shown in the Table 3.9, the Pearson correlation coefficient of COG position in 
horizontal and vertical directions showed strong correlation between our estimated 
result and true value. Our system could estimate COG position with a maximum error of 
4.48 cm in the horizontal direction, which was bigger than some other researches. 
Previous research has estimated center of mass with an error of 3.2±0.8cm in the 
vertical direction and 3.5±0.9cm in the horizontal direction [14], and estimate COG of 
body during flexion phase of standing-up motion with an maximum error of 2.7cm in 
normal speed [13]. So accuracy improvement of our system for COG estimation in the 
vertical direction is needed.  
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COG estimation error in the horizontal direction was greater than in the vertical 
direction. It was related to the displacement vector of COG during standing up motion. 
As shown in Table 3.10, in this research, the average displacement vector in the vertical 
direction was about 25cm which was greater than in horizontal direction vector of about 
11cm 
In three link model we used in this study, the trunk was defined as the thoracic spine, 
the lumbar spine, and the pelvis as one rigid body. Body trunk bending angle is treated 
as the hip flexion angle, because alignment change of the trunk (changes in bending of 
the thoracolumbar region) has not been taken into consideration. Then it would cause 
error for COG position estimation. 
As we know, body sway exhibited in daily life activities is defined as the slight 
postural movement made by an individual in order to maintain a balanced position [15] 
[16]. Typically, the term “body sway” is used to describe the extent of the center point 
of pressure (COP) or the COG (same as the center of mass COM) excursions [17]. A 
previous study recorded the measurement of body sway at quiet standing posture by 
using a force plate, and the results showed that the maximum amplitude described by 
the COP in mediolateral is 2.01cm, and the maximum amplitude in the 
anterior-posterior directions is 4.32cm [18]. Fang Wang et al. estimated body sway in 
terms of centroid trajectory by using an inexpensive webcam system [19]. The results 
demonstrated that the average sway amplitude for anterior-posterior sway and lateral 
sway, respectively, were 14.04cm and 13.8cm (peak-peak). In this study, body sway 
exists in order to maintain a balanced position during standing up motion, and it can be 
captured by a motion capture system accurately, though it was difficult to measure using 
our system. Therefore, we hold that a part of the difference in COG position between 
our system and the motion capture system may be caused by body sway. 
 
3.3 Experiment for Valuation of Angle Estimation Model  
Estimation model of knee and ankle joint angle during extension phase was designed 
in section 3.2, and the estimated results were compared with motion capture system. 
Some error were caused in angle estimation (Maximum error was 4.58 degrees, 
minimum error was 2.32 degrees). In this part, the accuracy of estimation model was 
discussed by comparing with the parameter of negligible changes of joint angle.  
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3.3.1 Negligible Changes  
The parameter of negligible changes of joint angle was hypothesized as the changes 
in join angle during repeated movements of standing-up which was performed by a 
same subject. 
Figure 3.18 shows a same time point of repeated standing-up motion during extension 
phase which performed by a subject. There were some changes in knee and ankle joint 
angles during repeated standing-up motion. However, the joint angle changes always 
can be neglected because of repeated movement. The estimated errors were compared 
with negligible changes in joint angles, we hold a hypothesis that angle estimation 
model is effective when angle estimation error is smaller than negligible changes.  
 
 
Figure 3.18 Repeated Movements of Standing-up Motion 
 
3.3.2 Measurement of Negligible Changes in Joint Angle 
 
3.3.2.1 Device 
The experimental setup was shown in Figure 3.19, and was the same as section 3.2. 
 
3.3.2.2 Subject and Standing-up Patterns  
In order to compare with estimated error, subjects and standing-up patterns were same 
with subsection 3.2. Seven healthy male volunteers from our universities, and their 
personal data were shown in table 3.3. 
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Some patterns were designed in this experiment in order to compare with estimated 
error of knee and ankle joint angle, and each pattern was performed ten times by each 
participant.  
Parttern1: Standing up at faster speed than normal speed; 
Parttern2: Standing up at normal speed; 
Parttern3: Standing up at slower speed than normal speed. 
 
 
Figure 3.19 Image of Experiment and Three-Dimensional Analysis 
 
 
Figure 3.20 Trajectory of Knee Joint Angle during Repeated Trials of Standing-up 
Motion (10 trials) (Example of subject B in normal speed) 





































3.3.2.3 Method and Procedure 
The parameter of negligible changes in joint angle was defined as changes in join 
angle during repeated movements of standing-up from a chair, which performed by a 
same subject.  
Before the experiment, subjects were told to perform standing-up motion as same as 
possible for each pattern, and standing-up motion was performed 10 trials by each 
subject in each pattern. 
Figure 3.20 shows curves of knee joint angle during repeated 10 trials which 
performed by subject B in a normal speed. Red line shows mean value of the 10 trials, 
and the two black imaginary lines show value of Mean ± SD (standard deviation). In 
this case, the negligible changes are 4.65 degrees which defined as RMSE value of 
Mean - SD and Mean + SD.  
In this part, we hold that if estimated errors were smaller than the negligible changes 
in joint angle, we think the errors can be neglected and our estimation model is effective 
to use in daily life. Subjects performed same movement in each pattern, although the 
change could be caught by motion capture system. The estimated errors are difficult to 
perceive for each subject.  
 
3.3.2.4 Results and Discussion  
The negligible changes of knee and ankle joint angle in three patterns were shown in 
Table 3.11 (n=7). And estimation errors of proposed system (in 3.2) were compared 
with negligible changes for each subject. 
According to the Table 3.11, knee joint angle estimation of standing-up motion in 
normal speed, estimation error of one trial in subject G was bigger than negligible 
changes, and 2 trials in slower pattern (Subject A and Subject E). Ankle joint angle 
estimation of standing-up motion in faster speed, the estimation error in joint angle of 
one trial in subject F was bigger than negligible changes, as well as one trial in slower 
pattern (Subject F). Estimation errors of knee joint angle estimation in faster speed 
pattern among all subjects were smaller than negligible changes, as well as the 
estimation errors of ankle joint angle in normal speed pattern. 
As we know, the data of trunk angle were not obtained by angle estimation model but 
by integral of angel acceleration data which got from IMU, so only knee and ankle joint 
angles were considered in Table 3.10. The estimation errors of proposed system almost 
were smaller than negligible changes captured by motion capture system, and maximum 
percentage of trials that estimation errors bigger than negligible changes was 2.9% in 
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slowly pattern (2 out of 70 trials). The probability is small, so we hold that the proposed 
estimation model for knee and ankle joint angle estimation is effective. 
The trials that estimation error bigger than negligible changes occurred may be 
related with the station of IMU, such as the bad fixation of IMU would cause mistake in 
measurement of trunk movement. 
 
3.4 Summary and Limitation 
 
3.4.1 Summary 
According to this study, we can provide the parameters of joint angles for extension 
phase analysis by using the proposed system instead of a motion capture system. It 
estimated the body joint angles during extension phase with higher accuracy than 
previous research, and the estimated error was smaller than negligible changes in joint 
angle. Furthermore, it is easier to use than motion capture system in daily life. It is 
recommended to use by combining with some wearable standing-up motion support 
device, ensure that the device can master the movement of body, so that the device can 
work well with the body during standing-up motion. And also it can be used for 
kinematical analysis for training of standing-up motion. The proposed system for COG 
estimation is not recommended due to the lack of accuracy compared with motion 
capture system. The estimation of COG position by proposed system can also be used in 
the application which no need high level of accuracy but the advantage in this system is 
the usability compared to the motion capture system. For instance, the system valid to 
be used in the comparison and analysis of the difference of COG position before and 
after treatment, rather than using a motion capture system for standing up motion in the 
daily life. Although the angle estimation result of normal speed shown better accuracy 
than fast and slowly speed, but the proposed system can estimate joint angle during 
extension phase of all patterns with higher accuracy than the previous research. 
 
3.4.2 Limitation of Proposed System  
The proposed system was used when the inertial limb angles (knee joint angle and 
ankle joint angle) were fixed at 80 degrees and 70 degrees.  
The proposed estimate model in this chapter could not be used when initial knee and 
ankle joint ankles were unknown, therefore, many restrictions on the use of the estimate 
model caused because of various different situations of knee and ankle joint angles in 
care field. And then, this fixed angle lead to estimation error because initial angle had 
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error. Therefore, we think it is necessary to provide information of initial knee and ankle 
joint angle during relatively stable state before starts of standing-up motion.  
In next chapter, we design an estimation device for inertial lower limb angle 
estimation, and discuss the accuracy and useful of the device. 
 
Table 3.11The Negligible Changes of Knee and Ankle Joint Angle and Comparison 
with Estimated Error 


















A 5.32 0/10 5.04 0/10 5.66 1/10 
B 4.96 0/10 4.65 0/10 6.25 0/10 
C 6.23 0/10 5.63 0/10 5.06 0/10 
D 5.02 0/10 4.03 0/10 5.95 0/10 
E 4.56 0/10 5.69 0/10 6.25 1/10 
F 5.63 0/10 5.16 0/10 5.79 0/10 
G 5.09 0/10 4.35 1/10 6.13 0/10 




A 4.63 0/10 6.53 0/10 6.85 0/10 
B 5.03 0/10 5.84 0/10 5.67 0/10 
C 4.06 0/10 6.30 0/10 6.45 0/10 
D 5.08 0/10 4.68 0/10 5.49 0/10 
E 5.32 0/10 5.53 0/10 6.64 0/10 
F 4.33 1/10 6.76 0/10 4.87 1/10 
G 5.09 0/10 5.58 0/10 5.65 0/10 
Mean ± SD 4.79±0.46 1(1.4%) 5.85±0.71 0 5.93±0.71 1(1.4%) 
(Red part shown trials which estimated error bigger than negligible changes) 
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4 Estimation of Initial Lower Limb angle 
In this chapter, an estimation model for initial limb angles before start of standing-up 
motion by using a plantar force measurement system was introduced, and it is designed 
for broader use of the proposed system in chapter 3, and also in order to improve the 
accuracy of the proposed system. 
 
4.1 Relation of Foot Pressure and Body Posture  
As we know, the ground reaction force applied to the foot can be associated with the 
change in the posture of body during standing-up motion from a chair [1]. In this study, 
we focus on the relatively stable state which the subject siting on the chair before 
starting standing-up motion. The previous research found that in the standing motion 
from the chair, 18% of the body weight is loaded as the load to the foot before the start 
of the forward tilting of the trunk in the stationary state before the start of the 
standing-up motion [2]. And during the standing-up motion, changes in weight-bearing 
are partly associated with the frontal trunk position, and foot placement manipulations 
can be used to modify weight-bearing distribution [3]. That means if the trunk angle is 
not changed, the ground reaction force is changed with the different foot placement. 
From these results, the change of ground reaction force applied to feet is found to be 
related with knee and ankle joint angles during stable state before start of standing-up 
motion. As we know, although force plate can measure the ground reaction forces 
generated by a body standing on or moving across them, it cannot be used in daily life 
because of the high cost and heavy weight. It is possible to measure the vertical ground 
reaction force applied to the foot by using the force sensor, and eliminate the sense of 
restraint to the user [4]. A new estimation model for initial angles by using a force 
sensor plate which can measure foot pressure was proposed in this chapter. 
 
4.2 Estimate Model of Initial Lower Limb Angles  
A limb initial angle estimation model was proposed and shown in Figure 4.1, L3, L2, 
L1 were length of trunk, thigh and length of lower leg. θ1 and θ2 were defined as initial 
lower limb angles in stationary state before standing-up motion. θ1 is the angle between 
the horizontal line and the lower leg, θ2 is the angle between the horizontal line and the 
thigh, θ3 is the angle between horizontal line and body trunk.  
In this chapter, θ2, θ1 and θ3 are different from those in chapter 3.  
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Figure 4.1 Estimation Model and Equations of Initial Lower Limb Angle 
 
𝐻 = 𝐿2sin𝜃2 + 𝐿1sin𝜃1 (4.1) 
(𝐿2cos𝜃2 + 𝐿1cos𝜃1)(𝑚𝑔 − 𝑅1) = 
  𝑚𝑔[𝑚1(𝐿1cos𝜃1𝐿𝐺1) + 𝑚2(𝐿1cos𝜃1 + 𝐿2cos𝜃2𝐿𝐺2)




LG1, LG2, and LG3 represent the COG location of the lower leg, thigh, and trunk in 
which the center of gravity position is expressed as a ratio to the length of each body 
part. And m1, m2, m3 are weights of the lower leg, thigh, and trunk expressed as ratios to 
body weight, respectively [5]. R1 is the vertical ground reaction force applied on the foot 
during stationary state before start of standing-up motion. The chair height is H which 
set as 40cm. 
The total value of the moment of force applied to the ground is balanced with the 
moment of force applied to the human body in the stationary state before start of 
standing-up motion, and the calculation of initial lower limb angles was carried out by 
the MATLAB software based on estimate equations. 
 
4.3 Introduction of Estimation System 
Although it was possible to measure the ground reaction force applied in foot by 
using force plate. But it is difficult to use in daily life because of the high cost and 
limitation of space. Then, it is desirable for the measurement which can be used in daily 
life. In order to measure the ground reaction force applied to the foot, the measurement 
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device was designed as an easily removable plate with a pair of force sensor insole 
placed on it. 
 
4.3.1 Background of Pressure Sensor Selection  
Pressure is the force applied perpendicular to the surface of an object per unit area 
over which that force is distributed. Load cells (strain gauges, piezoelectric elements 
and variable capacitance). Pressure indicating film (Prescale film, Fujifilm Holdings 
Corporation, Japan) and tactile pressure mapping system (tactile pressure sensor) are 
used to give measurement of pressure.  
Load cells are used in several types of measuring instruments such as laboratory 
balances, industrial scales, platform scales and universal testing machines. The load 
cells give a very high reliability and accuracy, and it can be used for static and dynamic 
loading. But there are some limitations of load cells application, because of its form 
factor; it is difficult to mount and calibrate. Pressure indicating film is used to measure 
contact pressures. The film structure consists of micro-encapsulated color forming and 
developing material. When pressure is applied to the film, a red color impression is 
formed in varying density according to the amount of pressure and pressure distribution. 
If the pressure is applied on the face of the film, microcapsules are broken creating a 
color forming a chemical reaction. This turns the film a shade of red with the shade 
corresponding to a specific pressure. Higher pressure causes more capsules to break 
leading to a darker shade. The advantage of this type is in the flexibility of the film, it 
needs no wires or expensive electronics. However, the nature of the film only provides 
the peak pressure during measurement of force, this limits the measurement of dynamic 
applications. 
In conclusion, even though load cells have high accuracy and can provide reliable 
result, however its form factor restricts the using of load cells in our system. Also, we 
found that the pressure indicating film could not provide the range of forces applied in 
dynamic application, this will also restrict the using of this technology in our system. 
Therefore, the tactile pressure sensors were promising to be used in the initial angle 
estimation device due to its flexibility form, the ability to provide detailed dynamic 
measurement, and relatively low cost.  
 
4.3.2 Tactile Pressure Sensors 
There are many kinds of shapes and sizes of Flexi Force button sensor. The smallest 
sensing size is 3.81mm, and largest sensing size of 50.80mm [6].  
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In this study, Flexi Force button sensor (Tekscan Incorporated, United States of 
America) which is shown in Figure 4.2 was used in this study, it measured load along 
one axial direction and always was used in consideration of installation on narrow and 
flexible objects such as shoes and slippers. Model A201-100 of Flexi Force button 
sensor was used, and the relevant parameters were shown in Table 4.1. 
 
 
Figure 4.2 FlexiForce Button Sensor 
 
Table 4.1 Relevant Parameter of Flexi Force Button Sensor 
 
Thickness 0.208 [mm] 
Length 102 [mm] 




Connector 3-pin male 
Force range 0-100 [lbs] (440 [N] = 45.4 [kgf]) 
Operating 
temperature 
-9o [C] to 60o [C] 
Linearity (Error) +/- 3% 
Repeatability +/- 2.5% of full scale (conditioned sensor, 80% force 
applied) 
Hysterisis < 4.5% of full scale (conditioned sensor, 80% force 
applied) 
Drift < 5% per logarithmic time scale (constant load of 90% 
sensor rating) 
Response Time < 5 [µs] 
Output 
Change/Degree 
Up to 0.2% (~0.36% / o[C]). 
Loads < 10 [lbs], operating temperature can be increased 




There is a layer of conductive material on top of it and there is a pressure sensitive 
ink layer on it. The effective sensing area is a circle with a diameter of 9.55mm at the 
tip of the sensor (Red part in Figure 4.2), As the load is applied to the force sensitive 
area, the resistance of the pressure sensitive ink layer changes in inverse proportion. A 
voltage value corresponding to the load was obtained through this inverting amplifier 
circuit by changing this resistance. 
 
4.3.3 Force Sensor Plate Measurement System 
 
4.3.3.1 Design of Force Sensor Plate  
A force sensor plate was designed as an easily removable plate with a pair of force 
sensor insoles (Figure 4.3 (3)) placed on a moveable plate. 
The arrangement of the sensors was shown in Figure 4.3 (1~2), which refers to the 
previous study [7]. Nine points were selected as the first toe, the third toe, the fifth toe, 
the first metatarsal bone, the fifth metatarsal bone, cubic bone, calcaneus bone, and the 
calcaneus was supposed to support three points. The arrangement of sensors was 
designed based on the arch position of feet. 
On the force sensitive area of each pressure sensor, as shown in Figure 4.4, a 
cylindrical part was attached to the effective sensitive area so that no force out of 
effective sensitive area was applied to the effective sensitive area. 
Another piece of insole was put on the insole and touch with the sensors, and the 
configuration of the insole was shown as Figure 4.5. Acrylic resin with a thickness of 2 
mm was cut and adhered to the back of the insole so as to be in the shape of an insole so 
that all pressure sensors were in contact with the insole placed on it. 
 
4.3.3.2 Schematic Diagram of Measurement System. 
Figure 4.6 shows the schematic diagram of plantar force measurement system. 
(1) The pressure value is converted to a resistance value by a force sensor arranged at 
the insole which located at a removable plate. 
(2) The Flexiforce Adapter (Phidgets Incorporated, Canada) was used to interface a 
Flexiforce sensor to computer. Just use the cable included with the adapter to connect 
with the force sensor. 
(3) In order to capture the signals of the FlexiForce button sensor and send the signal 
to the PC, we used the data acquisition (DAQ) device NI cDAQ 9172 and the NI 9205 
(National Instruments, Australia) capable of simultaneous sampling of 18 channels. It is 
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a process of measuring an electrical or physical phenomenon such as Voltage and 
current. It is also used as an analog-to-digital converter. 
(4) The measurement data of signal value from the pressure sensor can be recorded by 
using C#. 
 
      
(1) Arrangement of sensors (2) Force sensitive 
area 
(3) Insole 
Figure 4.3 Design of Plantar Force Plate 
 
 
Figure 4.4 Enlarged View of Sensor and Cylindrical Part 
 
 
Figure 4.5 Configuration of Insole 
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Figure 4.6 Schematic Diagram of Plantar Force Measurement System 
 
 
Figure 4.7 Calibration of Force Sensor 
 
4.3.4 Calibration Procedure 
Since the data acquired from the Flexi Force button sensor is voltage value, it is 
necessary to convert from the voltage value to the load N. We used a strain gauge type 
load cell manufactured by Toyo Sokki company Japan, type of PLP-10L-180/cap 10 
[kg] to measure the force and applied as a reference. Load cell was calibrated at first. 
Stainless steel precision weight produced by Murakami Koki Company was used. 
The strain gauge type load cell calibrated beforehand was applied one known load 
from the stainless steel precision weight. Force sensor was fixed on the load cell, and 
the known load is applied to the sensor, a regression analysis is performed using the 
output voltage value and the known load amount. Since the calibration formula differs 
for each pressure sensor, all 18 pressure sensors used for force pressure measurement 
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were individually obtained by the same method. The calibration formula was found and 
force (N) was obtained as output value. The calibration equation of voltage value V-load 
value N is shown in Figure 4.8.  
 
 
Figure 4.8 Calibration Equation of Voltage Value V-load and Pressure Value N 
(Example in sensor number 15 of right foot) 
 














Ch1 𝑛 = 36.392 ∗ 𝑣 
Force 
sensor  
Ch10 𝑛 = 44.649 ∗ 𝑣 
Ch2 𝑛 = 69.941 ∗ 𝑣 Ch11 𝑛 = 40.562 ∗ 𝑣 
Ch3 𝑛 = 47.16 ∗ 𝑣 Ch12 𝑛 = 30.558 ∗ 𝑣 
Ch4 𝑛 = 29.55 ∗ 𝑣 Ch13 𝑛 = 27.839 ∗ 𝑣 
Ch5 𝑛 = 42.422 ∗ 𝑣 Ch14 𝑛 = 34.218 ∗ 𝑣 
Ch6 𝑛 = 43.417 ∗ 𝑣 Ch15 𝑛 = 46.331 ∗ 𝑣 
Ch7 𝑛 = 29.074 ∗ 𝑣 Ch16 𝑛 = 32.17 ∗ 𝑣 
Ch8 𝑛 = 29.931 ∗ 𝑣 Ch17 𝑛 = 30.249 ∗ 𝑣 
Ch9 𝑛 = 33.998 ∗ 𝑣 Ch18 𝑛 = 37.506 ∗ 𝑣 
 
Table 4.2 shows the calibration formulas for all channels of pressure sensors. 
The consideration of temperature is also one of the concerns in calibrating the sensors. 
As long as measurement device will be used in indoor operation, the calibration process 
















4.4 Experiment for Evaluation 
 
4.4.1 Experimental Device  
In this part, we used the measurement device for vertical ground reaction and initial 
angle estimate model to estimate the initial lower limb angles. 
Motion capture system was used to measure the stationary state and movement of 
standing-up, and defined as the true value of measurement. The system was similar with 
section 3.2, and fourteen infrared reflection markers were placed on the main joints of 
the body, such as shoulders, iliac crests, greater trochanters, knees and lateral malleolus. 
In this experiment, six infrared cameras (OptiTrack, NaturalPoint Incorporated, United 
States of America) and two pieces of force plates (AMTI Company, United States of 
America) were used.  
 
4.4.2 Subjects  
Seven healthy male subjects were enrolled in this experiment. The detail of the 
subject is shown in Table4.3. 
 
4.4.3 Experiment Method and Procedures 
The Figure 4.9 shows experimental set-up. Subjects were asked to sit on a chair with 
height of 40cm, the chair and feet of subject were respectively set on two pieces of force 
plates, and the force sensor plate that designed in 4.3.3 was set under feet of subject and 
upside one piece of force plate. The initial knee and ankle joint angles were set as 80 
degrees and 70 degrees without measurement but decided by subjects, as well as an a 
9-axis wireless motion sensor was attached to the chest (front of body of sternum, 
T5~T6) of each subject with an elastic strap, like the 3.3.2.  
The experiment procedure was divided into two parts. 
1) Estimation of initial limb angle during stationary state. Subjects were asked to sit 
on the chair and keep stationary state for three seconds before the start of standing-up 
motion. The data during one second after the experiment start was used to analyze for 
estimation of initial lower limb angles in this study. 
2) Extension phase estimation based on initial lower limb angle estimated. In chapter 
3, bigger error caused during standing-up motion in slower speed, and the estimation of 
initial lower limb angle in this chapter was aimed to improve the accuracy of angle 
estimation model during extension phase. After three seconds, the subjects were asked 
to stand up from chair in a slower speed than the speed which they used frequently in 
daily life. One trial was performed from the start signal of measurement start to the 
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upright posture, and each subject was asked to perform 10 times. The measurement data 
of signal value from the pressure sensor and IMU can be recorded by using C# 
simultaneously, and the sampling rate of all measurement devices were set as 100Hz. 
 
Table 4.3 Personal Information of Subjects 
Subject Weight(kg) Height(m) Age(years) 
1 60 1.67 23 
2 75 1.70 22 
3 78 1.68 31 
4 62 1.71 25 
5 60 1.72 24 
6 51 1.61 22 




Figure 4.9 Experiment Design 
(1) Experiment Set-up during Stationary State 
(2) Experiment for Angle Estimation during Extension Phase 
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4.4.4 Evaluation and Statistical Analysis 
Plantar force measured by force sensor plate was compared with force plates system 
which was defined as true value of plantar force. Initial lower limb angle and knee joint 
angle, ankle joint angle during extension phase were compared with true angle which 
measured by motion capture system.  
A descriptive statistical analysis was carried out based on the means and standard 
deviations for the analysis of angle root-mean-square error (RMSE) of estimate lower 
limb angles between our system and motion capture system, as well as the RMSE of 
estimate angle result during extension phase before and after the initial angle estimation. 
Paired t-test by SPSS (IBM SPSS Statistics ver.21.0) was carried out significance 
difference test for initial lower limb angles between estimation result and true value that 
measured by motion capture system, and Wilcoxon rank sum test was designed for two 
subjects because of non-normal distribution. 
 
4.4.5 Results and Discussion 
 
4.4.5.1 Plantar Force Measured by Force Sensor Plate 
Because of the accuracy of force sensor, error caused during plantar force 
measurement. It is reported that the force sensor is difficult to accurately measure the 
force because of accuracy error [7]. The force sensor measurement errors were related 
to some factors such as calibration method and the state of force sensor [8].  
The measurement errors of plantar force compared with true value (force plate data) 
for all subjects were shown in Table 4.4 and Figure 4.10. The mean value, standard 
deviation value of RMSE and error percentage of all subjects were shown in Table 4.4. 
In Figure 4.10, measurement errors of plantar force from force sensor were compared 
with force plate for all subjects. Horizontal axis was time (recorded in second), vertical 
axis was force value with unit of N. The red full line means true values measured by 
force plate system, and blue imaginary line means measurement result comes from force 
sensor plate. 
As shown in Figure 4.10 and Table 4.4, the measurement error of subject 6 was bigger 
than other subjects, it is related with that the foot size of subject 6 was smaller than the 
insole in which the force sensors were input.  
The error percentage was obtained by average error compare with the plantar force 












































(3) Subject 3 (error: 20.67%) (4) Subject 4 (error: 19.81%) 
  
(5) Subject 5 (error: 24.03%) (6) Subject 6 (error: 49.1% ) 
Figure 4.10 Comparison of Plantar Force Measured by Force Sensor and Force Plate 
























































































1 18.12±3.40 18.82% 
2 24.71±4.92 19.10% 
3 27.68±4.32 20.67% 
4 27.09±5.52 19.81% 
5 28.01±4.93 24.03% 
6 37.98±4.85 49.1% 
7 29.71±2.33 23.00% 
 
Table 4.5 Foot Size of Subjects (Seven subjects) 
Subject 1 2 3 4 5 6 7 
Length of foot (cm) 27 27 26.5 27 26 25 26.5 
 
 
In this study, the insole with force sensor was 27.5cm in length as shown in Figure 
4.11. The foot size of all subjects is shown in Table 4.5, among the seven subjects, three 
subjects have feet length of 27cm; two subjects have feet length of 26.5cm; one subject, 
feet size is 26cm; and feet size of subject 6 is 25cm. For Subject 6, the 
arrangement of sensors (blue points in Figure 4.11) did not correspond with 
 
(7) Subject 7 (error: 23.0%) 
Figure 4.10 <continued> Comparison of Plantar force Measured by Force Sensor and 






















points under feet, compared to that in other subjects, resulting in a larger error in 
pressure measurement. 
 
Figure 4.11 Arrangement of Force Sensor on Insole 
(Blue points: force sensitive areas; left side: insole; right side: foot size of subject 6) 
 
4.4.5.2 Estimation of Initial Lower Limb Angle  
The average RMSE values of initial angles (θ1 and θ2) between estimate result and 
true value which measured by motion capture system were summarized in Table 4.6. 
Mean values, standard deviation (SD) were indicated. The maximum RMSE value was 
initial ankle joint angle estimation (6.31 degrees) performed by subject 6. The minimum 
RMSE value was knee joint angle estimation (2.78 degrees) performed by subject 1. 
Estimation error range of initial knee and ankle joint angles were 4.87~6.31 degrees and 
2.78~5.98 degrees, respectively.  
According to the result of Paired t-test for angle estimated result, there is no 
significant different with true value among six subjects. The initial ankle joint angle 
estimate result of subject 6 shows significantly difference with true value came from 
motion capture system (P<0.05).  
In the proposed three-link model as shown in Figure 4.1, body segment parameters 
refer to previous research were set to obtain the mass [5], length and center of gravity 
position of each body part. To some extent, it will cause error because of individual 
differences, and the errors caused in different degree among different individuals. 
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Table 4.6 RMSE Value of Estimated Angle Compared with True Angle 
(Seven subjects) 




1 5.83±1.47 2.78±0.75 
2 5.01±1.71 3.05±1.38 
3 4.92±1.15 4.01±0.55 
4 5.47±0.70 4.52±1.06 
5 4.87±1.31 3.16±1.17 
6 6.31±1.08* 5.98±1.56 
7 5.63±1.03 4.03±1.12 
Paired t-test was designed between estimate value and true value. 
“*” means significantly different (P<0.05) 
 
  
(1) Initial lower limb angle θ1 (2) Initial lower limb angle θ2 
Figure 4.12 RMSE Value of Initial Lower Limb Angle 
(Seven Subjects, before and after estimation of initial lower limb angle) 
 
Estimation of initial lower limb angles by using foot pressure during stationary state 
before standing-up motion shown high accuracy and no significantly difference with 
true value among six subjects except subject 6. This system was able to estimate initial 
lower limb angle with maximum error of 6.31 degrees Compare with the situation when 
initial knee and ankle joint angle fixed in previous study, the initial angle error was 
decreased after estimation by using proposed system, which shows as Table 4.7 and 
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There were some errors in estimation of initial lower limb angle, we hold that the 
error caused in estimation system was related with the accuracy of estimation model and 
force sensor plate. In the part of 4.4.6.1, measurement error of plantar force in subject 6 
shows larger error than other subjects, therefore, bigger error caused in estimation of 
lower limb angle than other subjects. 
 
Table 4.7 RMSE Value Comparison of Estimated Initial Lower Limb Angle 
(θ1 and θ2, seven subjects) 




B A B A 
1 9.57±2.03 5.83±1.47 6.32±1.02 2.78±0.75 
2 9.96±1.67 5.01±1.71 7.54±0.87 3.05±1.38 
3 10.36±1.03 4.92±1.15 4.23±0.89 4.01±0.55 
4 8.47±0.7 5.47±0.70 7.19±1.07 4.52±1.06 
5 10.96±1.58 4.87±1.31 6.96±1.56 3.16±1.17 
6 8.97±0.98 6.31±1.08 7.26±2.14 5.98±1.56 
7 9.36±1.47 5.63±1.03 7.25±1.85 4.03±1.12 
B: before estimation of estimation of initial lower limb angle  
A: after estimation of estimation of initial lower limb angle 
SD: standard deviation  
  
(1) Ankle joint angle (2) Knee joint angle 
Figure 4.13 Angle Estimation of Extension Phase based on Estimated Initial Lower 
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4.4.5.3 Angle Estimation of Extension Phase based on Estimated Initial Lower 
Limb Angle Result 
For the six subjects (except subject 6), initial lower limb angle estimate result was 
used for estimation of knee and ankle joint angle during extension phase.  
 
Table 4.8 Average RMSE Value of Estimated Angle during Extension Phase  
(Six subjects, except subject 6) 
Subject RMSE (degrees) 
Knee joint angle 
RMSE (degrees) 
Ankle joint Angle 
1 2.99±0.56 3.03±0.66 
2 2.61±0.53 3.79±1.36 
3 4.49±0.64 2.38±0.21 
4 3.26±0.32 2.86±1.05 
5 4.06±0.32 3.65±1.02 
7 3.43±0.47 3.02±0.68 
 
Table 4.8 shows the average values of RMSE for estimation of knee and ankle joint 
angle during extension phase. Mean value and standard deviation were indicated. The 
maximum error and minimum error for knee joint angle estimation were 4.49 degrees 
and 2.61 degrees, maximum error and minimum error for ankle joint estimation were 
3.79 degrees and 2.38 degrees.  
Figures 4.13 (1~2) show curves of estimated knee and ankle joint angle during 
extension phase. The horizontal axis shows time of extension phase, vertical axis shows 
knee and ankle joint angle, and the red line is true value from motion capture, blue line 
is estimated angle based on estimated initial angle. 
In chapter 3, the maximum error and minimum error for knee joint angle estimation 
were 4.58 degrees and 3.68 degrees, maximum error and minimum error for ankle joint 
estimation were 4.50 degrees and 3.10 degrees, without estimation of initial knee and 
ankle joint angle but fixed them. Therefore, Angle estimation error of extension phase 
decreased with estimation of initial lower limb angle. Kiyama et al reported that average 
error range of position sense in knee joint angle was -4.1~4.5 degrees , and it is normal 
for the knee initial angle to cause error about 10 degrees [9]. 
 
4.5 Summary  
In order to improve the angle estimate system for angle estimation of extension phase, 
an initial lower limb angle estimation model was proposed in this chapter. The initial 
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angle estimation by using proposed model had high accuracy and without significantly 
difference with true value. After estimation of initial angle estimation, RMSE value of 
initial angle decreased. The estimation of knee and ankle joint angles during extension 
phase based on estimated initial angle was also carried in chapter, the result shown that 
after estimation of initial angle, the accuracy of angle estimation model was higher than 
situation without initial angle estimation.  
To summary, , the estimation model of initial lower limb angle can be used for initial 
angle estimation in different situations of foot placement, so that give an improvement 
of application in angle estimation of extension phase. The research which focus on 
angle estimation for standing-up motion is rare, moreover, this study estimated initial 
lower limb angle by using foot pressure is ahead of previous study because of its 
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5 Conclusion and Future Work 
In this chapter, the conclusion and future work of this study were summarized.  
 
5.1 Conclusion  
Standing up motion is a complex activity, and difficult for some elders because of the 
weakened function of muscles or motor. The training of standing-up motion and 
assisting the elderly with the standing-up motion from a chair is important to the elderly 
Quality of Life (QOL), which has become an important issue in modern-day Japanese 
society [1]. 
The contribution of this study is proposed a kinematic analysis system for extension 
phase of standing-up motion, which focusing on angle estimation. The contributions of 
this study are three parts as follows: 
1) The proposed angle estimation system can replace the motion capture system, and 
it can be used to provide angle parameters for training and assistance of standing-up 
motion in daily life. The proposed system consists of an IMU and a force sensor plate, 
which are lower cost than motion capture system. Moreover, it is easy to carry because 
of lighter weight and smaller size. Without many reflective markers, just one IMU is 
necessary to be attached to the chest, which gives less unpleasant feeling to users.  
2) An estimation model of initial lower limb angle was proposed in chapter 4, it can 
give foot position information in the anterior-posterior plane during stable state before 
standing-up motion. This model can be used in many researches which need initial foot 
position, such as the inform system for flexion phase of standing-up motion in previous 
research [2]. 
 
5.2 Future Work 
 
5.2.1 Improvement of Estimation Accuracy of Joint Angle 
1) Three-link model 
In three link model which used in this study, the trunk was defined as the thoracic 
spine, the lumbar spine, and the pelvis as one rigid body. Body trunk bending angle is 
treated as the hip flexion angle, because alignment change of the trunk (changes in 
bending of the thoracolumbar region) has not been taken into consideration, as shown in 
Figure 5.1. Segment parameters of body were used in this research, which caused errors 
because of individual different among different subjects. In order to solve this problem, 
the future work should focus on revising the estimated initial lower limb angle 
according to a statistical analysis of error caused by individual difference of parameters. 
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Putting measured force plate data and the recorded segments data (trunk, thigh and 
lower leg) from motion capture into the model algorithm presented in figure 4.1, so that 
estimate the initial lower limb angle which the error caused by individual difference of 
parameters is eliminated. 
 
Figure 5.1 Three-link Model  
(Thoracic Spine, lumbar spine and Pelvis were defined as one rigid body in three link 
model) 
 
2) Integral error in slower speed  
The estimation of knee and ankle joint angle during slower speed caused bigger error 
than normal and faster speed, and it was related with the longer integral time during 
slower speed which caused bigger integral error. The future work of this research can 
give an improvement for slower speed estimation by decreasing integral time during 
slower speed. 
3) Parameter of three-link model 
The parameters if three link model used in this research caused estimated errors 
because of individual difference among different subjects. Future work can give 
measurement of segment parameter before the experiment, so that improve the accuracy 
of estimation. 
4) Measurement of force sensor  
In this research, measurement error of force sensor caused. In the future, a Kalman 
filter should be used to improve accuracy of force sensor. Moreover, wearable device is 
desirable because it is easy to use in daily life. Therefore, a wearable measurement 
device should be developed, such as a pair of shoe. 
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5.2.2 Application of Proposed System 
In this study, seven subjects (chapter 3 and chapter 4) were enrolled. It is necessary to 
increase number of subjects for effectiveness of evaluation in the future. Moreover, add 
some disable subjects with sickness such as Parkinson or Hemiplegia. 
(a) Standing-up motion for people with Parkinson’s disease 
People with Parkinson`s disease (PD) were observed to experience difficulty in 
performing standing-up motion, and demonstrated impairments in the ability to control 
sequential and coordinated movements of the joints [3] [4]. A previous research focused 
on the difference of lower limb angle torques during standing-up motion  between 
normal people and people with Parkinson’s disease [5], and it reported that compare 
with able-bodied (normal people), people with PD shown longer time intervals between 
the onset of movement and seat-off (mean duration: 1.4s, SD, 0.4s versus 0.8s, SD, 0.2s, 
P=0.015), as well as duration of extension phase (1.7s versus 1.1s), lower hip flexion 
joint torque and prolonged rate of torque production. Slowness of standing-up in people 
with PD could be due to a reduced hip flexion joint torque and a prolonged rate of 
torque production [6]. 
In present research, three patterns (faster speed, normal speed, slower speed) were 
designed, and the duration of extension phase in slower speed arrange of 1.43~2.04s. 
Although bigger error caused in slower speed of standing-up motion, whereas it is 
possible to estimate joint angles during standing-up motion which performed by people 
with PD. Therefore, subjects with PD who can stand up from a chair can be added in the 
future research.  
(b) Standing-up motion for people with Hemiplegia. 
Hemiplegic patients show marked asymmetry with increased weight bearing through 
the unaffected leg during standing-up motion [7]. Hemiplegic patients also show a 
larger center of pressure (COP) sway in the mediolateral direction, and take longer time 
to complete the standing-up motion [8] [9]. A previous research gave a quantitative 
analysis of standing-up motion between healthy and hemiplegic adults (right hemiplegia 
due to a cerebrovascular accident) to quantify functional limitations of studying 
Standing-up motion  in the presence of pathology, and it find that the pathologic group 
had longer duration time of extension phase (mean value: 2.16s, SD: 0.23s) than control 
group (Mean value: 1.09s, SD: 0.17s), and had larger value of shoulder tilt (Mean value: 
42.51 degrees, SD: 6.32 degrees), shoulder obliquity (Mean value: 7.34 degrees, 
SD:2.69 degrees), shoulder rotation (Mean value: 7.45 degrees, SD: 2.99 degrees) than 
control group (shoulder tilt: 27.28 degrees, shoulder obliquity: 4.08 degrees and 
shoulder rotation: 5.41 degrees) [10]. 
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Larger values were shown in shoulder rotation and shoulder obliquity for Hemiplegic 
patients, which related with the non-balance in the mediolateral direction during 
standing-up motion. The proposed estimation model in this research can be used in 
anterior-posterior direction, which discussed as a limitation in part of 2.3.1. Therefore, it 
is possible that bigger error caused in join angle estimation for Hemiplegic patients by 
using proposed system. The estimation model could be improved in future so that it can 
be used for Hemiplegic patients.   
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